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For detecting magnetic dipole transition in bulk 
samples of matter, the first attempt, though unsuccessful 
was made by Gorter [1] in 1936. These early experiments on 
paramagnetism in oscillating fields helped to develope some 
of the fundamental concepts. The basic idea of paramagnetic 
relaxation which is closely related to EPR was developed 
through their experiments. In 1945 Zavoisky [2,3] in Russia 
and Cummerow & Halliday [4] in U.S.A. obtained the firsC 
paramagnetic resonance absorption spectra. Since then the 
phenomena of paramagnetic resonance has become quite useful 
in fundamental research. 
The main progress in the techniques of measurement 
came from Clarendon laboratory in Oxford by Bleaney, 
Stevens, Bowers, Owen, Baggulay and Orton between 1952 & 
1962, which was an important and useful period of EPR 
researches and the subject was extensively explored and much 
of our present day understanding was established. 
1.2) Origin of Paramagnetism 
Paramagnetism occurs whenever a system of charges has 
resultant angular momentum which results in the presence oP 
permanent magnetic dipoles. This happens for atoms or ions 
containing partly filled electronic shell. The resultant 
angular momentum is partly due to the orbital motion and 
partly due to the intrinsic spin of the electrons, with each 
of which is associated a magnetic dipole moment. The 
requirement of a partly filled electronic shell is 
favourable to the occurrence of paramagnetism in compounds 
or crystals containing the transition metal ions. Following 
are the paramagnetic systems that can be used in the studies 
by EPR. 
(a) The group of elements containing 3d,4d,4f,5d and 
(5f,6d) electrons (iron group, palladium group, rare-earth 
group, platinum group and actinide group). 
(b) Atoms having an odd number of electrons, like 
2 hydrogen with its ground state Si.. 
(c) Odd electron molecules, such as NO,NO^and 0^ (triplet 
state molecules). 
(d) Free radicals (compounds) possessing unpaired 
electrons like CH^, diphenyl picryl hydrazyl (DPPH). 
(e) Colour centres which involve trapped electrons or 
holes. 
(f) Conduction electrons in semi-conductors and metals. 
(g) If a substance is not paramagnetic, it can be exposed 
to high energy radiation[5] or subjected to mechanical 
stress [6-9] so that the normal bonds are disrupted and 
paramagnetic species are formed. 
1.3) Electron Paramagnetic Resonance 
The principles of the EPR is as follows: consider a 
paramagnetic ion which has a magnetic moment and therefore 
its ground state is degenerate. If this paramagnetic ion is 
placed in a strong static magnetic field,the degeneracy is 
lifted and the energy levels undergo a Zeeman splitting. 
Application of an oscillating magnetic field of appropriate 
frequency will be able to induce transitions between the 
Zeeman levels and in this process energy is absorbed from 
the electromagnetic field. If the static magnetic field is 
slowly varied,the absorption shows a series of maxima. The 
plot between the absorption energy and the magnetic field is 
called the electron paramagnetic resonance spectrum. The 
phenomenon itself is called Electron Paramagnetic Resonance 
(EPR). 
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1.4) Information From the EPR Spectrum 
In general, EPR Spectra give very valuable 
information about crystals. 
Under certain conditions, the resonance spectra may 
be very useful when considering bulk-properties of these 
crystals, i.e., susceptibility and specific heat. This is 
especially true at very low temperature, when these 
properties depend only on the energy levels within a few 
-1 
cm of the ground level, i.e., on those levels measured by 
resonance method. 
Although, the resonance spectrum arises from the 
electronic transitions , information on nucleus of the 
paramagnetic ion can be obtained if there is a hyperfine 
(h.f.) structure arising from interaction between electrons 
and nucleus. 
The lowest electronic energy levels, and therefore, 
the resonance spectrum, are extremely sensitive to the 
environment of the paramagnetic ion in the crystal. The 
spectrum may thus provide information about the symmetry of 
the surroundings of the ion, and about the nature and 
strength of the binding between the ion and its immediate 
diamagnetic neighbours. Paramagnetic resonance studies of 
-4-
crystals showing phase transitions give valuable information 
about the nature of phase transition [10]. 
From the anisotropy in g-value the amount of orbital 
contribution in the ground state can be estimated [11]. 
Super hyperfine structure gives information about the 
strength of covalent bonding between the metal ion 
electronic cloud and ligand electronic cloud. 
The saturation of forbidden hyperfine transitions 
obtained in EPR is one of the most effective means of 
polarizing nuclei. 
The existence of covalent bonding can be inferred 
from the observation of EPR spectra [11,12]. 
The widths of the absorption lines in a fully 
resolved spectrum depends on a number of factors including:-
i) rate at which, the microwave energy absorbed by 
electron spins^ is transformed into thermal energy,i.e., on 
the spin-lattice relaxation. 
ii) the magnetic dipole interaction between neighbouring 
paramagnetic ion, i.e., spin-spin relaxation. 
iii) the exchange interaction between neighbours. 
-5-
1.5) Sdope of EPR 
Initially EPR was almost exclusively the domain of 
the Physicist, who studied the behaviour of spin in well 
ordered systems; i.e., usually, single crystals of metal, 
semi-conductors or dielectrics and some times gases. 
Soon—after^ EPR provided valuable information about 
colour centers, which helped to formulate models for these 
centers. 
Chemists were next in applying EPR on a wide scale, 
particularly in the study of organic radicals[13-17]. These 
radicals appear in many important reactions involved in 
electrochemistry, photochemistry, radiochemistry, 
polymerchemistry and pyrolysis. Other paramagnetic species 
of principal concern to the chemists, are stable radicals, 
ions, solvated electrons and triplet-state molecules. EPR 
allowed the chemist to follow the radicals in reaction 
without interfering with reaction, to measure yields in 
photolysis and radiolysis experiments, to determine the 
extent of electron delocalization in radicals and ions and 
frequently to identify the paramagnetic species. 
Biology is another discipline with a rapidly 
developing interest in EPR. Again radical process attract 
-6-
most of the attention, e.^., in photolysis and radiolysis. 
Enzyme subtrate reactions are another popular though 
difficult area for EPR research. With living cells the 
nondestructive feature of EPR is particularly attractive. 
For example, photochemical studies have been performed on 
living plant cells and bacteria. Commoner et al.[18] 
reported the first evidence of EPR signals in frozen, dried 
tissues and suggested that free radicals were associated 
with metabolic activity. 
1.6) Present Investigation 
In this dissertation, the results of EPR study of 
sodium formate after different (light and high) levels of 
doping with VO impurities are presented. All the crystals 
have been grown by us. The studies have been carried on 
single crystals at room temperature. In the case of single 
crystals, the spectra have been recorded by rotating the 
crystals in three orthogonal planes. Spin-Hamiltonian 
parameters have been calculated from the single crystal as 
well as from powder spectra. The VO^ "^  is found to be 
substitutionally incorporated in the crystal and its site 
symmetry has been discussed. 
-7-
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2.1) Introduction 
Generally speaking, paramagnetic resonance can take 
place whenever there is an unpaired electron present in the 
systems. Unpaired electrons are found in transition 
elements in the periodic table. When electrons enter 
outer S sub-energy level before completely filling inner cl 
or f sub-shell are called transition elements. The first 
ion, in the periodic table showing 'this effect is Ti 
This has one unpaired electron in its 3d sub-shell inside 
the valence electrons. It is followed by other ions, such 
as V^ "", Cr-^ ,^ Mn^^, Fe"^ ,^ Co^^, Ni^ "" and Cu^^ and their 
various oxidation states. They all possess uncompensated 
electronic moment with associated permanent magnetic moments. 
The above elements are called the first transition group of 
the periodic table. Similarly, the higher transition 
elements occur in successive groups as follows: the 
palladium group, rare earth group, the platinum group and 
the uranium group (actinide group), i.e., unfilled sub 
orbits are 4d, 4f, 5d and 5f respectively. 
In the absence of a magnetic field, the energy levels 
of the atoms or ions are not dependent on the direction of 
the magnetic moment of the uncompensated electron!s), but if 
an external magnetic field is applied, quantization will 
take place along this direction and the energy levels of the 
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atom will be split and depend on the resolved components of 
the magnetic moment in the direction of the applied field. 
This splitting of the energy levels is an essential features 
of paramagnetic resonance, as it is transitions between 
these component levels which give rise to the observed 
absorption. It is, of course, really only a case of Zeeman 
splitting, but instead of the Zeeman splitting just 
producing fine structure in the main electronic transitions, 
transitions between the Zeeman levels themselves are 
detected in paramagnetic resonance absorption. 
The application of paramagnetic resonance and the 
development of the crystal field theory has immensely helped 
in the understanding of the magnetic properties of the ions 
of various transition groups. 
When a free ion with a resultant angular momentum J 
is subjected to a static magnetic field, then it has (2J+1) 
energy levels and the energies of the various states are 
given as:-
h]j = g/3HMj (1) 
where, Mj = (J, J-1,... 0, . . . - J) . H is the static 
magnetic field, g is the spectroscopic splitting factor 
and/3 is the Bohr magneton. 
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If we take a simple case, where 5=^, L = 0 J = \ , 
J then 2J+1 = 2 and M, = + ^ 
If an external magnetic field H is applied on this 
system in the lower energy state, the electrons are lined up 
along the magnetic field and in the higher energy state, 
they are lined up in opposition to the magnetic field. The 
energy of the levels are proportional to magnetic field 
strength, i.e., 
E + :^  = +^2 gj^H (2) 
If an alternating field of frequency ^ is applied 
at right angle to the direction of magnetic field then 
transitions occur between Zeeman levels, ie.. 
El - E 1, = h^ = g/3H (3) 
2 ~ 2 ' 
The allovjed transitions are given by the selection 
rules AMj = 1 1 -
Equation (3) is called the resonance condition, 
where, h is Planck's constant. 
Figure (2.1) shows the splitting of a degenerate 
electronic level i+h) in a magnetic field. For a multi 
electronic ion, the g-factor can have values distinct from 
gg, on account of interelectronic interactions. Selection 
-12-
i /2 gpH 
M3 = ± 1 / 2 
-1 /2 gpH 
FIG. 2.1-En<?rgy levels for 5 - 1/2 ((12c electron)in a magnetic. 
field and the resonance condition. 
- 1 3 -
rules for electronic dipolar transitions AM r = :!: 1 still 
hold. For technical reasons, the resonance absorption is 
generally observed when the magnetic field H is varied 
keeping the frequency ^ fixed. 
2.2) Crystal Field Theory 
The crystal field theory ^ assumes that the 
paramagnetic ion resides in a little cavity inside a 
crystalline lattice which experiences an electric field from 
the surrounding atoms, point charges (ions) or point dipoles 
(e.g., H^O molecules). Interaction with this additional 
potential sources is thus added to the Hamiltonian of the 
free ion in order to ascertain the new energy states. 
In order to explain the effect of crystalline field, 
the normal concepts of vector coupling among the quantum 
numbers are supposed to hold good. Thus the total orbital 
quantum number L compounds with the total spin quantum 
number S to produce a resultant J and degeneracy of the 
correspoding level will be (2J + 1) fold in the absence of 
any field. If the crystalline field acts on the 
paramagnetic ion, quantization will take place about this 
direction and the degeneracy of the level will be removed. 
This quantization ion can take place in three distinct 
ways--
-14-
2.2(a) VJeak Crystalline Field 
If the crystalline field is weaker than the 
spin-orbit interaction then L & S are coupled and precess 
about the resultant J. The vector of the total angular 
quantum number J will then precess about the direction of 
the crystalline field and the energy levels will be split 
into components corresponding to different values of the 
projection of J along the quantization direction, i.e., 
M.. This situation occurs in the rare earths and certain 
actinide compounds, where the unpaired electrons are some 
v^/hat shielded from the direct effect of the crystalline 
field and the L-S coupling is not broken. 
2.2(b) Intermediate Crystalline Field 
If the crystalline field is quite strong with respect 
to spin-orbit coupling, then L-S coupling breaks up. 
Therefore, each one of them, i.e., L and S precesses about 
the direction of crystalline field separately and J is no 
longer defined. The quantum numbers defining the different 
energy levels will now be M, and M„. It is usually found 
that the splitting produced between the different li, levels 
3 -1 by such a field is very large (about 10 cm ) and hence only 
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the lowest level is populated at ordinary temperatures. 
This is usually referred to as "quenching of the orbital 
levels" and occurs in nearly all the iron-group transition 
elements, where the unpaired electrons are more directly 
affected by the crystalline field. 
2.2(c) Strong Crystalline Field 
If the L-S coupling is very small in comparison to 
crystalline field then L-S coupling breaks down. The 
orbital motion is again quenched and the spins tend to pair 
off according to the exclusion principle. The effect seen 
is corresponding to the odd electron spin left over. This 
kind of interaction is usually produced in 3d and 5d 
transition groups. In this case- there is a tendency of 
covalent bonding due to which the orbitals of paramagnetic 
ion and neighbouring ligands overlap appreciably (Figure 
2.2). 
2.3) Kramer's Theorem 
The Kramer's theorem is concerned with the effect of 
crystal field on the degeneracy of the ground state of a 
doped paramagnetic ion and distinguishes the behaviour of 
-16-
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ions containing an even or odd number of electrons. 
Karamer's theorem [l] states that in crystalline field of 
any symmetry, a system having an odd number of electrons 
will always possess at least two states with the same energy 
in the crystal field for odd electron system and these are 
split only by the application of a magnetic field. These 
states are referred to as Kramer's doublet and assures the 
observation of EPR in the so called Kramers' ion (odd number 
of electrons). 
2.4) Zero Field Splitting 
When paramagnetic ion is placed in a crystalline 
field, the degeneracy of the orbitals will be removed by the 
electrostatic interactions. The spin degeneracy will remain 
untill a magnetic field is applied. When the species 
contain more than one unpaired electron, the spin degeneracy 
can also be removed by crystal field. Thus the spin levels 
may be split even in the absence of a magnetic field. This 
phenomenon is called zero field splitting. 
The theoretical explanation of zero-field splitting 
in s-state ions was given by Van Vleck and Penny[2], Sharma, 
et al.[3], Narayana[4], Chatterjee, et al.[5] and 
Watanabe[6]. Zero-field splitting is generally observed in 
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Ni^"^ & Mn^ "^  [7,8]. Starch & Bramley [9] and Bertrand et al 
[10] have observed the Zero-field splitting in EPR studies 
ol VO ion in Tutton salts and in Iron (II) parphyrin 
respectively. 
2.5) Effective Spin and the Spectroscopic Splitting 
Factor 'g' 
In EPR we are concerned with transitions between 
-I 
levels split at most by a few cm . Hence we are 
immediately interested only in groups of levels that are 
degenerate (or nearly so) in zero magnetic field and a 
suitable method is needed to represent the behaviour of such 
a group of level when a magnetic field is applied to the 
system . A convenient method has been evolved which uses 
the concept of an "effective spin" S, which is a fictitious 
angular mometum such that the degeneracy of the group ol: 
levels involved is set equal to (2S+1). For example, an 
isolated Kramers doublet with just two levels is assigned an 
effective spin S = ^. This concept of an "effective spin" 
is useful because it is possible to set up an 'effective 
spin Hamiltonian' that gives a correct description of the 
behaviour of the group of levels in terms as concieve as 
those for a free atom or Ion. If the observed spectrum does 
not conform to the spin Hamiltonian that has been assumed, 
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other forms can be tried empirically until a fit is 
obtained.In terms of the effective spin, the electronic 
Zeeman interaction is given by, 
0^ = gyi(H.S) 14) 
This has (2S+1) states, which, again by analogy, we 
label by means of a magnetic quantum number M}<- representing 
the value of S^. Taking H to be parallel to the Z-axis. 
The expression for energies are given by, 
E^.^  = S/3Hi^ (5) 
and the quantum of energy required for an allowed 
transition of the type Mjo = +1 is 
z 
h9 = g/3H (6) 
giving a resonance condition similar to equation(3). 
For doublet state which we label S = ^, the energy levels 
are same as shown in Figure (2.1), the two level diverging 
linearly with H. 
The form of equation(4) presupposes that the Zeeman 
interaction depends only on the angle between the effective 
spin vector S and the magnetic field. In practice, the 
Zeeman interaction depends also on the angle that T] makes 
with certain axes defined by the local symmetry of the 
-20-
magnetic complex. A more general form, which takes into 
account anisotropy of this kind is 
:K =/9(H.g.S) (7) 
Which is written in expanded form as -
M =/3{g H S + g H S + g H S + g H S %i 1/ / "-exx X X ^yy y y ^zz z z ' 'xy x y 
+ P H S + g H S + g H S + g H S 
°yx y X °yz y z °zy z y °zx z x 
+ g H S ] (8) 
^xz x z 
In the majority of cases (except complexes with 
rather low symmetry) the quantities g = g 5 etc., and the 
cross terms can then be eleminated by appropriate choice of 
the x,y,z, axes (known as "principal axes") which yield 
simpler form. 
/ W = / 3 ( g H S + g H S + g H S ) (9) 
vTv z^'&xx X x ^yy y y ^zz z z 
If the magnetic field H is applied in a direction 
cosines (l,m,n) with respect to these principal axes, the 
energy levels are given by an equation of the form (5), with 
a value of g, given by the relation. 
2 i2 2 2 2 2 2 (10) g = 1 g . + m^g^ +n S XX ''yy zz 
-21-
In the case when the complex has cubic symmetry, it 
follows necessarily that e =e =2 , so that the Zeeman 
interaction has the same Hamiltonian as far a free magnetic 
dipole. In the case of axial symmetry 
^xx ^yy 1^ ' ^zz j^ I 
and the equation (10) reduces to 
p2 = p2 Cos2e + g2sin2e (11) 
II 1 
Where 0 is the angle between magnetic field (H) and 
the Z-axis. 
2.6 Spin Hamiltonian 
The unpaired electron is not isolated or free, but 
frequently, interacts with a variety of nuclei and electrons 
in various degrees and hence the magnetic field H in 
eauation (3) becomes the sum of various components. The 
state of affairs may be expressed from the quantum 
mechanical point of view in terms of a Hamiltonian. The 
general theory of paramagnetic resonance in crystal due to 
Abragam & Pryce [11] initially and numerious others 
subsequently described the different factors which 
contribute to total energy of the ion by the following 
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Hamiltonian [12-13] 
•\J = H +H +H +H +H +H, . + H +H„ + H (12) \j^ o cr s-o s-s z hf q n e 
where, 
5 -1 H = Free ion energy (^10 cm ) 
o 
4 -1 H = Electrostatic energy i^ 10 cm ) 
cr ^-^ 
2 3 - 1 
H _ = Spin-orbit interaction energy {^^ 10 - 10 cm ] 
H _ = Spin-spin interaction energy (~ 1 cm ) 
H = Interaction of electron with the external field 
z 
- \ 
or Zeeman energy =y5H(L+2S) ir^lcm ) 
H, r:= Dipole-dipole interaction between the electron 
'hf 
-1 -3 -1 
and nuclear magnetic moments (r^lO — 10 cm ) 
H = Quadrupole interaction between electron and 
'^ -3 -1 
nuxlwua (~ 10 cm ) 
H = Nuclear Zeeman energy g^Ji^ HI (~10 cm ) 
H = Energy of exchange effects between electrons 
which is quite variable. 
Calculations with the total Hamiltonian are very 
difficult, therefore, a simplified accounting of the more 
likely interactions is performed with the H _ , H , H, c, 
H and , i.e., the fine structure. Zeeman splitting and n q' ' r o 
hyperfine interactions, the nuclear Zeeman and quadrupole 
•23-
interactions. The spin Hamiltonian expressed in the 
following manner :-
^ = /?H.gS + S.D.S.+S.A.I. -/3^gj^H.I. + I.Q.I. (13) 
where, 
S = Electronic spin 
I = Nuclear spin 
g = Spectroscopic splitting factor 
D = Fine interaction coefficient 
A = Hyperfine interaction coefficient 
Q = Quadrupole coupling constant 
The above mentioned coefficients are second rank 
tensors and diagonalized in a system of orthogonal axes, 
known as principal axes. In principal axes system 
equation{13) can be written as (neglecting the nuclear 
Zeeman interaction) 
K =/3UASx ^ gyVy ' ^zVz^ ' °[s2- i s(sn)] 
+ Q ' [ l 2 - i i ( i + i ) ] + Q. . ( i2_ j2) 
z 3 ^ X y 
w h e r e , 
D = D ^ - ^ D ^ . D y ] , E = MD^-Dy] 
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(14) 
arid Sygj^ jg^  a"d A^,Ay,A^ are the components of g 
and A tensors respectively along principal axes. 
2.7) Fine Structure Parameters 
Very often there are zero field splittings of the 
effective spin levels when H = 0, although, there is always 
at least two fold degeneracy if the free ion spin is half 
integral. The most important out cause of these splittings 
is the stark effect arising from asymmetrical crystalline 
electric fields. For example, a crystal field of axial 
symmetry may give splittings which can be formally 
represented by the operator D[S -h S(S+1)] in Hamiltonian, 
and of lower symmetry (i.e., rhombic symmetry) may give 
additional splittings represented by E (S'^  -# ) . For Mn 
X y 
fourth order cubic field parameter, 'a* also contributes to 
the zero field splitting and is important for interpretation 
of EPR spectra. 
2.8) Hyperfine Constant 
If the nucleus of the paramagnetic ion has magnetic 
moment IS^ there is magnetic interaction between jj,,, and 
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the electronic magnetic moment U of energy 
where, r is the radius of the electron orbit and 
o^ is.a factor with value usually between 0 and 1, which 
depends on the ground state wave function. Putting 
ji„ = Igf^ yQj^  (where I = nuclear spin, g^ -nuclear g-value, 
/3L nuclear magneton) and ^ = 2^ S this interaction energy 
can be written as 
= A.S.I. (16) 
where, A is called hyperfine constant. 
Since the nucleus has (21+1) orientations, each 
electronic energy level is subdivided into (21+1) components 
are approximately equidistant. The hyperfine structure 
spacing can be described by three principal values, A , A 
X y 
and A of the hyperfine interaction coefficient A. 
In case of Cu "^^  ion S = ^ and I - 3/2. 
Application of magnetic field, lift the two fold degeneracy. 
Due to hyperfine interaction each level is further split up 
i n t o ( 2 i + l ) = 4 l e v e l s . The s e l e c t i o n r u l e s AM = +, AMT=0 
s — i 
- 2 6 -
gives the four lines of equal intensity as shown in Figure 
(2,2). 
2.9) Quadrupole Structure 
Quadrupole interaction, which often contributes to 
•• w^ -• , 
the hyperfine structure, is I.Q.I^Q & Q"(equation lA) 
express the quadrupole interaction and are the axial and 
rhombic parts respectively. 
The effect of quadrupole interaction on the resonance 
spectrum is usually complicated because it is accompanied by 
a large magnetic hyperfine structure interaction, so that 
there is a competetion between electric field gradient and 
magnetic field from the unpaired electrons in fixing the 
orientations of the nucleus. The result is that, for a 
general direction of H , the intensities and spacings of the 
usual (21+1) hyperfine lines corresponding to transition 
with Ami = 0 are modified by Q and there are also 
additional lines corresponding to the normally "forbidden" 
transition with Amj= +_ 1,JH2. Quadrupole interaction effects 
have so far been analysed only in hydrated complexes. 
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2.10 Forbidden Transitions 
In paramagnetic resonance spectra of ions which have 
more than doubly degenerate ground state split by the 
-2 
crystalline electric field by amounts of the order 10 to 
-1 -1 10 cm and which also have a hyperfine structure, a number 
of extra hyperlines have often been observed which appear to 
correspond to transitions in which the nuclear magnetic 
quantum number m changes by +1. These were first reported 
by Bleaney and Ingrom [14] in maganese ammonium sulphate and' 
maganese fluosilicate. They appeared when the external 
magnetic field was inclined at angle between parallel and 
perpendicular to the crystal axis, and were inexplicably 
large in intensity. They arise from second-order effects 
due to cross terms in the spin. Hamiltonian between the 
'fine-structure', splitting and the hyperfine structure 
splitting, as shown by Bleaney and Rubins [15], John E. 
Drumheller and R.S. Rubins [16] V.J. Folen [17], D.G. 
Rexford and Y.M.Kim[18], E. Friedman and W.Low[19]. 
2.11 Covalency Effects and Super Hyperfine Structure 
A aetailed examination gives that the experimental 
observations do not match completely vvith theoretical 
predictions based on the static crystalline field 
approximation.In particular it is found that the spin-orbit 
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coupling and the hyperfine interaction in crystal differ 
from those obtained for free ion This is due to the fact 
that the point charge or point dipole approximation of 
ligand ions is not strictly valid, and the overlap of the 
v;ave functions of the ligand ions with that of the metal ion 
must be taken into account. Stevens [20] considered this 
problem for the first time for the 4d and 5d groups v\7hich 
are bonded in a strongly covalent manner. It was also 
considered by Ov^ en [21,22], for some ions of the 3d group. 
The effects of the covalency on the paramagnetic resonance 
spectrum can be listed as : 
(a)The covalent bond reduces the orbital contributions to 
the g-factor. The evidence for reduction of the orbital 
contribution has been obtained from the spectra of 
i) Ti-^ ^ in alum [23] 
ii) Fe ^ in MgO[24,25] and ZnF^ [26] and 
iii) Co2+ in Mg(j [27,28] and ZnF2 [26] 
(b) The hyperfine interaction parameter 'A' is reduced. The 
experimental evidence comes from the work of Title [29] 
who studied the paramagnetic resonance of Mn in a 
variety of host lattices and proved that hyperfine 
constant 'A' decreases linearly with the increase of 
covalency. 
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(c) There may be additional hyperfine structure due to the 
interaction between the magnetic electrons and the 
surrounding nuclei called superhyperfine structure. The 
effect was first found by Owen and Stevens in ammonium 
chloroiridate [30] and subsequently for a number of 
transition metal ions in ZnF^ by Tinkham [26] and by 
several other workers [31-34] in various host lattices. 
2.12 Line Width and Relaxation 
In microwave spectroscopy generally, resolution of 
the spectrum is limited, not by instrumental effects, but 
the width of the lines themselves. In paramagnetic 
resonance transitions the electrons are transferred to the 
higher levels from the lower one and they return to lower 
levels by relaxation processes, so that the absorption of 
the microwave radiation is continued. There are tv;o types 
of relaxation processes, the spin-lattice relaxation and 
spin-spin relaxation. The process in v^ hich the energy flov^ s^ 
from the spin system to the lattice is called spin-lattice 
relaxation processes and that in which the spins exchange 
energy among themselves is called spin-spin relaxation 
process. 
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2.12(a) Spin-Lattice Relaxation 
The three commonly discussed mechanism for 
transterring energy from the spin system to the lattice are 
described as i) direct ii) Raman ill) Orbach processes. 
i) Direct Process : 
In the direct processes for the tv;o level system, 
"relaxation occurs through transfer of energy from a single 
spin to a single vibrational mode of the crystal lattice 
which has essentially the same frequency" [35]. When 
relaxation is by the direct process, T^oC—^— [36] and 
1 S2T 
is independent of the spin concentration [35] (where T^ is 
the spin-lattice relaxation time). Therefore, the 
temperature and magnetic field can serve as variables either 
for the study or for the control of T^ _ Actually, the 
"direct" process is important only at low temperatures, 
e.g.,below about 4°K. 
ii) Raman or Indirect Process : 
At high temperatures, the Raman or indirect process 
predominates. Here a phonon is inelastically scattered in 
the process of flipping a spin. Energy is conserved and 
this process is strongly temperature dependent with T.cK-i-, 
for T<e, and T^oC-^ for T>e, where 9 is the Debye 
temperature [37]. Experimental results are in fair 
agreement with theory at high temperatures but not at low 
temperature where the direct process is important. 
ill) Orbach Process: 
In the Orbach process, there are two transitions one 
after the other which occur via an intermediate state. When 
electron is transferred from a level i to level j in the 
ground manifold of states by absorbing energy equal to hv; 
then by stimulated transition, it goes to a level p which 
is higher in energy than j by an amount^ . Spontaneous 
transition takes place from level p to i which releases 
a phonon of energy (<J*+hv) . The relaxation rate is given by 
4 
Where K is the Boltzmann constant. This relaxation 
process is active in the case of rare-earth impurities in 
crystal lattices. 
2.12(b) Spin-Spin Relaxation 
This interaction produces a broadening of the energy 
level by the mutual effect of one paramagnetic ion on 
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another. Each such ion may be regarded as a magnetic dipole 
which will be precessing in the applied magnetic field. Its 
components in the direction of the field will have a steady 
value, and this will produce an extra magnetic field at tlie 
neighbouring paramagnetic ions which alters the total field 
value slightly, and thus shifts the energy levels. It can 
be seen that this effect will vary markedly with angle of 
the applied field and the contribution of each neighbouring 
dipole will have an angular dependence of the form 
2 (1-3 Cos 6), where 9 is the angle between the lines joining 
the dipoles and the direction of the applied field. The 
rotating component of the precession will also cause a 
broadening as it interacts on other spins of the same Larmor 
frequency and induces transition, thus decreasing the normal 
life time of the energy state. 
The theory of spin-spin interaction has been studied 
by Van Vleck[38] and Pryce and Stevens [39]. Van Vleck 
derived an expression for the mean-square width of a line 
due to dipole-dipole interaction between free spins, of the 
form 
(AH)2= 3 S(S + l)g20 2^[l_-iCos^j + 1 s'ish) i-^/a^ ^  
k r^  ji^  3 g 
y ri-scos^ei^ 
k''* r3 Jjk' (18 
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The transition concerned is betv\;een the levels of 
ions with spin S, and spectoscopic splitting factor :;,r 
being the distance apart of the j and k ion. The second 
term represents the contribution to the broadening by 
"dissimilar" ions of spin S' , and spectroscopic splitting-
factor g' . 
2.12(c) Exchange Interaction 
The usual treatment of the exchange interaction was 
given by Dirac [40], showing that the coulomb interactions 
between electrons can be replaced (when all spin-orbit 
couplings are neglected) by an interaction between their 
1 •* it 
spins of the form - J (1 + 4S. .S^). The constant term is 
4 ^ ^ 
usually neglected as of no interest and the value of J 
depends on the overlap of the orbital wave functions. The 
- » • - * • 
custom IS to assume that the interaction is J S. .S^, where 
•• -> 
S. and $2 refer to the actual spins of the ions, v\/hich are 
not necessarily k- This interaction is normally considered 
to be isotropic. For deeper understanding, it may however 
be noted that the value of J will depend not only on the 
separation but also on the orientations of the spins, 
because, in the crystal field, the charge densities are not 
spherically symmetric, and this leads to, what is called 
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"anisotrpic exchange". However, for the most part in the 
paramagnetic resonance the exchange has usually been assumed 
to be purely isotropic [41]. 
2.13) EPR Instrument 
The EPR spectrometer has the follov;ing essential 
features :-
(a) a homogeneous but variable magnetic field. 
(b) a source of microwave radiation of constant frequency 
and variable amplitude and a device to impinge 
microwave power of the sample. 
(c) a means of detecting and measuring the power absorbed 
by the paramagnetic sample from the microwave field. 
(d) a device for display or recording of the spectra. 
The principle of the v;orking of Electron Paramagnetic 
Resonance spiectrometer is shown in Figure! 2.3). The 
description of the EPR spectrometer is mainly based on the 
JES-RE2X (JEOL) ESR spectrometer and the main components are 
as follows. The block diagram of EPR spectrometer is given 
in Figure (2.4). 
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2.13(a) Electromagnet System 
The resonant cavity Is placed between the pole pieces 
of an electromagnet. It produces a homogeneous magnetic 
field which can be varied from zero to voider range. For 
getting the resonance at a fixed frequency, the magnetic 
field has to be varied continuously. Scanning time of the 
field can be varied. 
2.13(b) Microwave Unit 
Electronically, it is the most complicated unit. It 
important components are the following : 
i) Gunn Oscillator: 
The Gunn Oscillator consists of a Gunn diode and 
Varactor diode which operates in the microwave band 
region of 3cm wavelength or frequency range 8.8 to 9.6 
GH„ (X-band) with power variable from .Imw to 200mw. 
11) Automatic Frequency Control (AFC): 
AFC is used to stabilize the frequency so that the 
oscillation frequency of the Gunn-oscillator matches 
the resonance frequency of the sample cavity resonator. 
iii) Isolator : 
Isolator is a strip of ferrite material. It is non 
reciprocal device which minimises instability in the 
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frequency of microwaves produced by Gunn diode 
oscillator. 
iv) Rotating Attenuator : 
The signal is converted to the rectangular mode, 
then to the circular mode, and this in turn is 
re-converted to the rectangular mode. 
v) Circulator : 
The circulator transmits the micro^ 7^ave which enters 
(3) from (2), (1) from (3) and (2) from (1), in the 
sequence indicated by the arrows in Figure(2.5). All 
of the waves reflected from the cavity resonator are 
transmitted to the crystal. 
vi) Magic T: 
The magic T is a microwave hybrid cricuit which has 
four arms, when the reference microwave power enters 
arm 1, it is divided into two at arm 2 and 2 v;ith equal 
amplitude and in reverse phase. Furthermore, the 
microwave from the cavity resonator enter arm 4 and is 
divided into arms 2 and 3 with equal amplitude and same 
phase. Arms 1 and 4 can not be directly coupled Figure 
(2.6). 
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vii) Cavity Resonator : 
The heart of an EPR spectrometer is the resonant 
cavity containing the sample. EPR spectrometer is 
equipped with rectangular or cylindrical shaped cavity. 
The cavity resonator is equipped with an ultraviolet 
rays, irradiation vjindov;, a cooling (or heating) 
device, a lOOKH^ modulation coil, bayonet connectors 
for conneting the variable temperature attachments and 
Nitorgen gas inlet. 
2.13(c) Detector 
Usually, silicon crystal detector is used which acts 
as a microwave rectifier. This converts microvjave power 
into a direct current output. 
2.13(d) Oscilloscope and Pen Recorder 
The oscilloscope screen provides a facility for mode 
check as well as the spectrum of the sample. Finally, the 
signal is recorded by DYT type pen-recorder. 
For actual recording the EPR spectrum of a crystal, 
it is mounted at the end of a quartz rod and is placed at 
the center of the cavity resonator. Electromagnet produces 
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a v^ 7ide range of magnetic field H. The sample is subjected 
to a microvv'ave magnetic field of constant frequency and 
which is perpendicular to H. The magnitude of H is changed 
by varying the electromagnet excitation current and v;hcn tlic 
resonance condition is fulfilled, a part of the microwave 
energy is absorbed by the sample, with the result, that the 
cavity resonator Q-value changes. This Q variation is 
detected, amplified and recorded. 
-41-
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3.1 Introduction 
The chemistry of VO ion has been reviewed by 
4+ Selbin [1]. It may be formulated as containing V ion 
18 1 
with an electronic structure [Ar] 3d and a closed shell 
2- 2 + 
oxide, 0 , ion. In this formation VO contains a single 
unpaired electron attached to the V ion, and should be 
similar to the other d configuration ions. VO always 
occrs coordinated to other groups both in the solid state 
and the solution, bringing the total coordination number of 
vanadium to five or six. In most of the cases, complexes 
cotaining the VO ion have a characteristic blue or purple 
colour. 
3.2) The d-Orbital of a VO^^ Ion 
For a d-orbital the 1 value is 2 and the total 
orbital degeneracy is 5. The degeneracy is partly lifted 
when the d-orbital is placed in a crystalline field of 
octahedral or tetrahedral symmetry. The three fold 
degenerate orbitals are designated as t^ and the two fold 





" ^3d (^^ "V ^" ''^  
1 
^xz = — (1'21 -»• ^2-1) 
p. 5 
= "ad (^^ — ^" '^z 
V z = - (<}'21 - <1^2.l) 
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- ui 20 
Y"15 
R3d(r) fu (2z^-x^-y2) 
4 
(2) 
VJhere x,y and z are taken as the coordinates of a 
point at unit distance from the origin, Ro,(r) is the 
radial V7ave function for a 3d electron; and the (|)22 etcetra 
When the crystal field symmetry lower than 
cubic the orbital dep,eneracy of both t^ and e^ ^ orbitals 
could be further partly or completely lifted. Fi,';urc( 3.1) . 
The parameters D^ and D. shov/ specifically the degree of 





















2+ Fig. 3 . 1 - Energy l e v e l gcherae of VO In c r y s t a l l i n e f ieldg 
of oc tahedra l ?md t e t r agona l symmetry ( a f t e r 
Ballhausen and (rray [ 3]) . 
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tetragonality present in the field [2]. The axial a. 
orbital is less stable than b. , if the tetragonal 
perturbation results in axial compression, but the ordering 
of the e and b^ orbitals depends on the relative values of 
D and D . Magnetic data of vanadyl complexes indicate an 
orbitally non-degenerate ground state and so the e orbitals 
are less stable than b^ in this case. The predicted 
transitions are: 
^B^ — * ^E, (-3D +5D.) Z ' s t 
\ ^ — • B^j, (lOD ) and 
2B2 — % (10D^-4D^-5D^) 
The value of D is obtained directly from the 
2 2 transition B^ —> Bj, and the value of D and D can be 
calculated by observing other transitions present in the 
spectrum. 
3.3. Molecular Orbital Description of Vanadyl Ion 
2 + The molecular orbital picture of VO in the complex 
VO(H^O) bonded with five other oxygens belonging to water 
molecule ligands has been given by BallHausen and Gray [3] 
and the structure is shov7n in figure (3.2). The 3d, 4s and 
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Fig. 3.2- Struoture of the [YO{n^O)^]^'^ molecular Ion 
(after Ballhausen and Qray [3]). 
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4p metal orbitals along with 2s ,2ID^  (2p^) , and 2p jj (2p^,2p ) 
orbitals of oxygen and thesj^ hybrid orbitals for the water 
oxygen ani used for bonding. 
3.4) Magnetic Properties of Vanadyl Compounds 
The molecular orbital scheme for V0[H20] is shown in 
figure (3.3). There are 17 electrons to be placed in the 
molecular orbitals. The unpaired electron lies in the non 
bonding b^ vanadium orbital (3d ) . In C, the tr orbitals 
from the water ligands transform as 2a., b. and e. The 
vanadium orbitals transform as 3d (a^, b^  , by and e), 
a-
4p(a.,e) and 4s(a.). Because of the proximity of the e^  and 
h-f level to the B^ state (b^ orbital), g is anisotropic, 
and the formula for the g- values becomes [4]. 
g|| = 8e " "^^^^ (4) 
/IE(2B2-> 2B^) 
8eXe^ 
8, = Sg " ~ ^ ^^ ^ 
Where g^ = 2.0023, X is the spin-orbit coupling 
2 2 
constant,/? and € indicates the covalent character and^iE 
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3.5) Spin-Hamiltonian And Determination of 
Principal g-and A-Values 
The unpaired electron is in the orbital singlet state 
B^ in vanadyl ion complexes. This spin doublet splits into 
two on the application of a magnetic field and paramagnetic 
resonance absroption can be observed betvv/een these two 
levels. For example, the crystal field terms do not enter 
into the Spin-Hamiltonian [5] and thus the resonance data 
are described by a Spin-Hamiltonian of the form [6]. 
j i = /SH.'g.'s + ?.A'.T (6) 
Where (3 is the Bohr magneton, H is the applied 
-• -• 
magnetic field; S and I the electron and nuclear spin 
> . ^ -^ 
vectors and g and A are symmetric second-rank tensors, 
describing the interaction of the electron spin with the 
applied magnetic field and nuclear spin respectively. 
The eigen values of energy, in general case, where g 
and A are not required to be axially symmetric and their 
principal axes are not required to be parallel, are [7]. 
E = g/3HM + (mMh/g)(H.g.A.A.g.H)^ 
+ second order terms (7) 
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Where g, the spectroscopic splitting factor, is given 
^^ g = (fi.g.g.H)'^  (8) 
and H is a unit vector parallel to the applied magnetic 
field, M and m are the quantum numbers associated with 
electron and nucler spin respectively and h is Plank's 
constant. 
The observed transitions, which obey the selection 
rule AM = ;^1 and Am = 0 , are given by: 
h^ = g^ H + (mh/g)(H.g.A.A.g.H)'^ 
+ second order terms (9) 
Where, V is the transition frequency. 
2 + In the case of VO , as the nuclear spin of vanadium 
51 ( V=7/2), there are eight hyperfine transitions 
corresponding to the values of m from -7/2 to +7/2 
figure(3.4) and by assuming that g" is scalar and A is 
axially symmetric in this case equation (9) reduces to 
H(m) = H, - ^ - ^ M i ^ : ^ ( I ( i n ) - m 2 } 
° 8^ ,..9 0 2 
^%iiWA' 
(Af|-A?)2 
-{ ± )(Sin22e)m2 (10) 
8HogVA2 
Where H^ = — , and A^ = A^ Cos^Q + A^Sin^e. 
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9 being the angle between the symmetry axis of A and the 
direction of magnetic field H. Thus the g-value may be 
calculated for any orientation of magnetic field if H(-7/2) 
and H(+7/2) positions are known; and finally, the elements 
of w.g tensor could be determined by adopting the procedure 
given by Schonland [8] or that by Farah and Poole [9]. The 
diagonalization of the matric 'g.'g gives the principal values 
and the direction cosines of the tensor ^. 
2+ From the first order approximation for VO , we have: 
g[H(m = -7/2) - H(m = + 7/2)]/7=(H.5*.A.A.g.H)^/ (11) 
Plotting the angular variation of the values of the 
left side of the equation (11) in the three planes ab, be 
and ca using the procedure similar to that for g.g, the 
elements of tensor g.k.^.g are determined. On 
diagonalization, the matrix A.A. gives the principal values 
and the direction cosines of the tensor A. 
For finding the principal values of 'g and "A, we have 
used the method of Waller and Rogers' which will be 
described here in detail: 
3.6) Waller and Rogers* Method 
Waller and Rogers'[10-11] method is the general 
method for determination of the parameters of axial "g tensors 
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They have considered many cases, each of which corresponds 
to a different set of experimental quantities. The 
experimental data include g-values from measurements on 
single crystals, polycrystalline powders, or solutions. 
Some of them are illustrated here. 
(1) rotation about two axes. 
(2) one rotation and value of gi. or gi or gg^g-
(3) one rotation and the g-value. from an arbitrary 
rotation. 
(4) two g-values and gii and g,. 
(5) three g-values and gii or g. or g^^^ and 
(6) four g-values. 
Ue used the fourth method, i.e., two g-values and gii 
and g| is fully described below. Values of gii and gi are 
determined from the powder spectrum data. Two g-values are 
determined from the angular variation data. Thus, the axial 
g-tensor requires only four parameters for complete 
specification, namely g.i, gi and two polar angles to locate 
the direction of gi . . For finding the polar angles (9 andij)) 
actual method is described below. 
The measurement of g-value at any orientation of the 
magnetic field with respect to the crystal is given by 
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follov7ing equation [12] 
and 
2 2 2 1 1 
g^ = g||Cos V + 8 |S in r 
1 1 1 1 1 
= g| jCosV + g^ - g p o s r 







VJhere L is a unit vector pointing along the git, H is 
a unit vector in the direction of the magnetic field and 
A A 
y^is the angle between L and H. 
Two g-values g^  and g^ are obtained from spectra in 
two different orientations in the same plane, whose 
directions are represented by the unit vectors X. and X2 
respectively, where X. ^f X2 and angle between X. and X2 is 
V , as shown in figure (3.5). 
When the magnetic field H points along X^, we have 
A 
g = g. and Cosy- = L.X^ = L^ , which may be substituted into 
equation (12b) to solve directly for L> . In the same way, 
when H points along X^, we have g = go and Cosy- = L.X^ 
= L^ CosX + L2SinX , which can be solved for L„ by using 
equation (12b). Finally we find L^ from the normalization 
relation L^ ' + L^ + L^ = 1. 
The expressions for polar angles are given below: 
Q = arcCos h ^ = arcTan(_2_0 (13) 
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^i-g« 3 .5 - Systems of axeS/^shown with a l l angles 
being p o s i t i v e : X i po in t s along +1 and 
A2 i s ^ i n the(12) plane a t an angle % 
from XQ .^ 0 and g) are the po la r angles 
- 5 8 -
A A 
If the orientation vector X^  and X^ are orthogonal 
then'X.= 90° and the above equations are simplified. 
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4.1) Introduction 
EPR studies have been carried out on U.V., X-ray, 
Y~ray irradiated crystals of Sodium Formate [1-3]. But no 
study has been reported on the EPR of this crystal doped 
with any transition metal ion impurity. Though a number of 
EPR studies have been done for related alkaline earth 
formate [4-11], but quite surprisingly formates of different 
alkali have remained unstudied. With this aim in view EPR 
2 + 
study of Sodium Formate was undertaken. VO has been found 
to be convenient dopant for EPR studies [12-21], because of 
the absence of the fine structure in this case. Hence, 
2 + VO was chosen as dopant for the study of Sodium Formate. 
4.2) Crystal Structure 
Crystal structure of Sodium Formate [22] is 
mon'oclinic ^n/c^ '^ 2h^  with four formula units/cell. The 
lattice parameters are a = 6.19A, b = 6.72A, c = 6.49A and 
P = 121°42'. The molecular planes of the formate ions are 
parallel to each other and the molecular C^- axes are 
parallel to the crystallographic b-axis. Each sodium ion is 
surrounded by six oxygen atoms belonging to five HCOO ions 
at distances lying between 2.35 to 2.50A, which forms a 
distorted octahedra. 
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The disposition of the four octahedra surrounding the 
four sodium Lons are slceteched Ln figure (A.l) which will 
faciiitate the understanding of EPR studies of the sample. 
"^^ \ A 
\ B \ 
\ \ 
' \ \ 
•\ft ^ \ 
a-axis — - i 
Ficj.tt.1-
In the absence of the doping, though, the 4 octahedra 
A,A', B and B' are spatially different but the direction of 
the axes of A and B are parallel to each other. The axis of 
A' is antiparallel to that of A and similarly, the axis of 
B' is opposite to that of B. 
4.3) Experimental 
Single crystal of Sodium Formate: VO were grown by 
reacting Sodium Carbonate with formic acid and allowing the 
mixture to slowly evaporate at room temperature. VOSO, was 
added in the solution to supply dopants. A j)art of Lho 
solution was lightly doped (.IZ by wt) and the other heavily 
doped (.57o by wt) and two types of crystals with different 
levels of doping were obtained. In each case, good quality, 
colourless, transparent crystal with well developed faces 
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were obtained. The morphology of the crystal was same as 
referred to by Zachariasen [22]. 
The EPR spectra were recorded on JES-RE2X (JEOL), 
X-band spectrometer (Japan) with 100 KH^ field modulation. 
DPPH (g - 2.0036) was used as a field marker. 
EPR studies were performed on single crystals of 
2 + Sodium Formate doped with VO in light and heavy 
concentrations at room temperature.' The spectra v;ere 
recorded for the orientation of the external magnetic field 
in three mutually perpendicular planes (i.e., a b, be &. ca , 
where, a = a Sin/3 ) . 
4.4) Results and Discussion 
The types of complexes developed In the crystal v;ere 
dependent upon the level of the doping. In light doping 
concentrations, one pair of complex v;as developed with 
one component strong and other weak (say A and A') 
figure (4.2). The spectra of A and A' are runnin;^  nearly 
parallel to each other and in this set, the stronger 
spectrum is referred to as A and the v;eaker as A'. 
Uhen doping level was high, another pair developed, 
here also one component strong and the other weak (say B and 
B') figure (4.4). In this set also B was stronger than B' 
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and they also run parallel to each other. Pair A was 
comparatively stronger than pair B.[figure (4.5) J. 
Angular variation of A and A' in the case of light 
doping in a c plane (i.e., rotation about b-axis)is shovm in 
figure (4.6). Figure (4.2) shows the maximum spread 
spectrum of A set and figure (4.3) shows the minimum spread 
spectrum. 
In heavy doping, set A of light doping remains intact 
and a new set B is developed. Angular variation of the A 
and B sets in the case of heavy doping is shown in the 
crystallographic planes a c, a b and be in figure 
(4.7,4.8,4.9) respectively. Figures (4.4,4.5) show the 
maximum spread of B and A sets respectively. In be and a b 
planes, the spectra due to both paifs are running nearly 
*\ 
parallel to each other. But in a c plane, the maximum 
spread spectra of two sets lie at 80° from each other. 
As noted earlier all the octahedra surroudning Na 
ions are alike and disposed parallel or antiparallel to each 
other and ordinarily any substitutional replacement of the 
Na ions by paramagnetic Impurity, should give rise to the 
same spectra. But following characteristic features of the 
spectra emerged out which needs explanation : 
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ANGLE (8') 
Fig.A.6 - Angular variation of the 
field positions of the-
hyperfine lines for set A 
in a c-plane.(light doping). 
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20 iO 60 60 100 i?o u o ISO leo 
Fig.4.7 - Angular variation of the field positions 
of the hyperfine lines for sets A and B 
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field positions of the 
hypcrfinc linos for sets 




30 50 70 
ANGLE(e') 
90 
Angular variation of the 
field positions of the 
hyperfine lines for sets 






















































- 7 3 -
ii) VJhy spectra due to A pair is more favourable in 
comparison to B, as is reflected in appearance of 
only A set in the case of lighter doping. 
iii) VJhy one component of the set is stronger than the 
other (i.e., A is stronger than A' and B is stronger 
than B') in the case of higher doping. 
iv) Why in a"b and bc-planes, the spectrum of the two 
sets are not appreciably different but in a c-plane, 
the maxiumum spread spectra due to two sets lie at an 
angle of 80°. 
These four questions can be answered by assuming that 
V ion replaces substitutionally Na ion and draws one of 
the six oxygen ions of the octahedral towards itself to 
2 + 
convert It-self to VO 
In A and B pairs, the fifth formate radical which is 
responsible for supplying two oxygen ions to the octahedron 
are possibly aligned perpendicular to each other. One of 
the alignments might be more favourable than other, because 
of the relative spacing of the molecules inside the crystal 
in that particular direction. This justifies the division 
of four complexes into two pairs and also preponderence of 
one over the other. 
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The formate ion has two oxygen ion and 
they are probably connected to the carbon atom with 
slightly different bond strength. Generally, the oxygen ion 
4+ 
with smaller bond strength might be attracted to the V 
ion but may be the case, where reverse is also true. The 
first will be more favourable with respect to the second. 
This explains the preponderence of A over A' and B over B'. 
When substitution takes place at the four places, the 
angular disposition of the octahedra gets quite changed, A 
and A' not being quite antiparallel to each other (similarly 
B and B') and A & B set not inclined at 90° to each other. 
This may explain the difference of the 80° observed in the 
maximum of A and B set in the a c-plane. As observed in a b 
and bc-plane,not much difference in the angular variation is 
expected. It may be seen that the division into A and A' 
and also B & B' arises due to intraoctahedral effect and 
division into A & B set arises due to interoctahedral 
effect. The unit cell is monoclinic and spacing between the 
mass point in different direction must be different. 
The Spin-Hamiltonian, apporpriate to tetragonal 
symmetry, used here for the vanadyl ion with electronic 
configuration 3d and I = 7/2 is as following [23]. 
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The field position for parallel and perpendicular 
hyperfine lines are given by (24,25]. 
A||(.^)=H|,(o) - V | | -t^-<"l''l4<o, '^ ' 63 , ,2- A1 
A A 
H,(m,) = H|(o) - m,A, - [^ - (m. ) ^  ] ''' ^  ^ (3) 
1 ^ 1 ^ 1 4 ^ 4H,(o) 
where 
g2 = g2 Cos^O + g?Sin^e (4! 
^^8^ = A?,g?,Cos^e + A?g?Sin^e (5: i^ r 
The symbols have their usual meanings and 9 is the 
angle between the Z«xis of projection of the complex and the 
direction of the magnetic field. 
Using the method of Waller and Roger [26,27] and VJiel 
and Anderson [28], polar angles (O,^) of the complex is 
given in table (1). This method is based upon the 
determination of G «& (p with the knowledge of tv;o g—values 
as gj, and g>. The latter tv/o being obtained from the 
pov^ /der spectrum figure (4.10). 
The spectra for both A and B sets follow tetragonal 
symmetry, for both, the spectra in a \ & bc~planes are the 
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sane, but different from those in a c-plane. The extreme or 
g & A parameters for all the complexes and the corresponding 
polar angles along with the gii j gi and Air, Ai obtained by 
the powder spectrum are given in table (1). 
This table explains the differences of 80° (different 
tv;o values of) observed in the maximum of A & B sets. 
4.5) Conclusion 
Finally, it is seen that the v substitutes Na and 
attracts one oxygen ion of the surroudning octahedra to 
1 + 
convert to VO . After substitution, the Z-axis of the 
complexes are not parallel or antiparallel to each other as 
expected from simple crystallography. They become all non 
equivalent as shown by the different angular dependence of 
these spectra. The Z-components of A, A' becomes a little 
different from 180° and that between A & B sets a little 
different from 90° (i.e., 80°) due to effect of 
electrostatic interactions on substitutions. 
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Table No.l 
Spin-Haniiltonian Parameters of VO 
Ion Doped in Sodium Formate at Room Temperature 
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Table No.2 
A comparison of the Experimental and Calculated Resonant 
2+ Field Values of the Hyperfine Lines of VO in Sodium 
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Table No.3 
.2+. Spin-Hamiltonain Parameters For VO Ions In Different 
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